We consider the implications of a newly proposed picture of the Sun's internal rotation (Brown et al, Morrow) for the distribution and transport of angular momentum and for the solar dynamo. The new results,' derived from an analysis of solar acoustic oscillations, affect our understanding of how momentum is cycled in the Sun and provide clues as to how and where the solar dynamo is driven. The data imply that the only significant radial gradient of angular velocity exists in a transitional region between the bottom of the convection zone, which is rotating like the solar surface, and the top of the deep interior, which is rotating rigidly at a rate intermediate between the equatorial and polar rates at the surface. Thus the radial gradient must change sign at the latitude where the angular velocity of the surface matches that of the interior. These inferences suggest that the cycle of angular momentum that produces the observed latitudinal differential rotation in the convection zone may be coupled to layers of the interior beneath the convection zone. In particular, they support the idea of a time averaged balance of torques in the transitional zone such that the torques' caused by some physical source of stress at low latitudes, balance the torques exerted in the opposite direction at high latitudes. We show that a balance of torques is likely by employing a simple model which includes a constant eddy viscosity and transition layer depth along with differences in angular velocity across the region that are inferred from forward analysis of the oscillations data. Earlier estimates of solar surface rotation derived both from Doppler analysis of the plasma velocity and from the motions of magnetic features imply differences in angular velocity that also support a balance of torques and thus a balanced exchange of angular momentum between the convection zone and deep interior. We use a simple Cartesian model of a a 2 -co dynamo in the transitional region with an appropriate range of velocity differences to demonstrate the plausibility of operating a dynamo there.
I. INTRODUCTION Knowledge of how the Sun's interior is rotating has important consequences for several fundamental problems in solar physics. In particular, such information has an impact on efforts to theoretically model global convection and the associated generation of differential rotation in latitude at the solar surface. Attempts to describe the transport and distribution of internal angular momentum and to address the idea of mixing between the convection zone and deep interior are both constrained by the way the Sun's angular velocity varies with depth, latitude, and time. Indeed, a map of this variation can provide clues as to how and where the solar dynamo is driven. The purpose of this paper is to examine, in a preliminary way, some of the ramifications of an emerging picture of solar internal rotation. More detailed calculations are in preparation (Gilman, Morrow, and DeLuca 1989) . Brown et al. (1989) and Morrow (1988) have produced new results concerning the Sun's internal rotation by further analyzing observations of solar acoustic oscillations that were obtained during a 15 day run of the Fourier Tachometer at the Sacramento Peak Observatory in 1984 October/November (Brown and Morrow 1987) . These results suggest that the latitudinal differential rotation observed at the surface pervades 1 Also affiliated with Astrophysical, Planetary, and Atmospheric Sciences Department, University of Colorado at Boulder, Boulder, Colorado 80306.
2 Current address: Enrico Fermi Institute, Department of Astronomy and Astrophysics, University of Chicago, Chicago, Illinois 60637. 3 The National Center for Atmospheric Research is sponsored by the National Science Foundation. the solar convection zone. This implies little or no radial gradient of angular velocity in the convection zone. Moreover, the analysis indicates that the region of the solar interior beneath the convection zone (hereafter referred to as the deep interior) is rotating rigidly, or nearly so, at a rate intermediate between the maximum (at the equator) and the minimum (at the pole) of the surface profile of angular velocity. Thus, between the convection zone and deep interior there must be a transitional layer of uncertain radial extent through which the latitudinal gradient decreases with depth. The implied radial gradient of angular velocity in this layer must change sign at the middle latitude where the rate of surface rotation matches the rigid rate of the interior: the angular velocity decreases with depth at low latitudes and increases with depth at high latitudes.
Earlier observations made with the Fourier Tachometer (in a less developed state) suggested that the Sun's interior rotates much less differentially in latitude than the surface layers. On the other hand, observations obtained at the South Pole (Duvall, Harvey, and Pomerantz 1986) show no evidence that the internal rotation differs significantly from the rotation of surface magnetic features. Duvall, Harvey, and Pomerantz, and others have since collected new data from the South Pole which should offer the opportunity for a more refined interpretation of observations that are unfettered by diurnal gaps due to sunsets.
Libbrecht's recent preliminary efforts on 100 days of data (K. Libbrecht, private communication) clearly show the decline of latitudinal differential rotation with depth indicated by the Fourier Tachometer data. For / between 40 and 60, Libbrecht's ANGULAR TRANSPORT MOMENTUM data also suggest a surface-like differential rotation in the convection zone. His frequency splittings are not yet available for l above 60. For l below 40 his splittings appear to imply an angular velocity for the deep interior that is indeed intermediate between the maximum and minimum rates of the surface profile. show splitting results that suggest a more significant radial gradient of angular velocity in the convection zone and a somewhat less significant decline of the latitudinal differential rotation with depth. It is possible that this data is more consistent with rotation constant on cylinders than with a surface-like differential rotation in the convection zone.
There is limited qualitative and quantitative agreement among all the mentioned sets of data. In particular, all frequency splittings indicate a similar radial decline in the angular velocity at equatorial latitudes. But, when we consider the nature of the latitudinal variations, the observations presented by Rhodes et al appear to be somewhat at odds with those of Brown and Morrow, Duvall et al, and Libbrecht (out to / = 60) . Evidently, we must await the analysis of new observations before we can converge on a well accepted map of the Sun's variation of angular velocity with depth and latitude. While acknowledging these discrepancies, we will, nevertheless, purposefully proceed to examine the implications of the picture of solar internal rotation supported by the analysis of Brown et al (1988) : surface latitudinal rotation in the convection zone and rigid body rotation in the interior at a rate intermediate between the maximum and minimum of the surface profile.
II. ANGULAR MOMENTUM BALANCE AND DIFFERENTIAL
ROTATION THEORY a) Concepts Torques caused by the solar wind coupling to the magnetic field in the Sun's outer atmosphere would substantially spin down the whole Sun in -10 9 yr. A solar convection zone of depth 25%-30% of the solar radius, which is consistent with current estimates of convection zone depth inferred from oscillations (Christensen-Dalsgaard et al 1985) , would contain between 10% and 20% of the Sun's moment of inertia (R. Gilliland and K. MacGregor, private communication). Thus, solar wind torques would not significantly change the angular momentum of the convection zone in less than 10 8 yr. By contrast, the latitudinal differential rotation observed at the surface is produced and maintained by processes within the convection zone that cause transport of angular momentum on a time scale of 1 yr. If the convection zone and the deep interior are exchanging angular momentum, we expect the time scale for such an exchange to be longer than 1 yr-perhaps much longer because the mixing in the stably stratified transitional layer should be significantly weaker than that in the convection zone. If this time for exchange is long compared to the time required to transport angular momentum within the convection zone, but is short compared to the time required for angular momentum to be extracted by magnetic braking in the solar wind, then the following two-point scenario emerges: (1) the latitudinal differential rotation in the convection zone as seen at the surface is produced by processes that operate only within the convection zone and (2) the exchange of angular momentum between the convection zone and the deep interior should be nearly balanced on time scales shorter than 10 8 yr, but longer than 1 yr.
At low latitudes, the interior is rotating more slowly than the botton of the convection zone, and thus we intuitively expect it to pull the convection zone back against the direction of rotation. At higher latitudes the interior is rotating more rapidly than the bottom of the convection zone, and so we expect it to speed up the convection zone. If the exchange of angular momentum is balanced then the sum of the torques exerted on the convection zone at low latitudes ought to be equal and opposite to the sum at high latitudes. Thus, angular momentum would flow from the convection zone to the deep interior at low latitudes and from the interior to the convection zone at high latitudes. Independently of us, Gough (1985) first suggested that the angular momentum is continuous at the interface, thus balancing torques which couple the convection zone and radiative interior.
A similar argument for a balance of torques was advanced by Starr (1948) to help explain the flow of angular momentum between the Earth and its atmosphere. In this case the convection zone would be analogous to the Earth's atmosphere and the rigidly rotating solar interior to the solid Earth. Starr's argument was essentially that the positive (in the direction of rotational velocity) torques due to surface friction exerted by the Earth on the predominantly westward-moving atmosphere (easterlies) in low latitudes should be balanced by negative torques exerted by the earth on the predominantly eastwardmoving atmosphere (westerlies) at high latitudes. Although Starr's flow of angular momentum is directed oppositely to the one we initially propose for the Sun, the basic ideas are the same.
The mechanism causing exchange of angular momentum between the solar convection zone and radiative interior could involve stresses due to small-scale turbulence, magnetic stresses, or other forms of motion such as meridional circulation (Vauclair et al 1978) . Qualitatively, the rates of exchange produced by these effects should all be proportional to the strength of the differential rotation across the transitional layer between the convection zone and deep interior. If we explicitly assume that small scale turbulence, as represented by a shear eddy viscosity (p), produces the exchange of angular momentum, we may derive an expression for the angular velocity of the interior that balances torques at the interface with a convection zone rotating like the surface Q sr f(0):
where 0 is colatitude. We assume that the eddy viscosity and thickness of the transitional layer (Ar) are independent of latitude and that at any latitude the radial variation of angular velocity in the transitional zone is linear between Q srf (0) and the angular velocity of the interior, Q f so that 
characterizes the angular momentum in the differentially rotating convection zone :
which when integrated gives £2¡ = ^4 + 5Ä + -^C .
So if the criterion for the rate of the interior in equation (5) is met, then it is likely that the torques exerted at the interface at low latitudes where there is a positive radial gradient of angular velocity are balanced by the torques exerted at high latitudes where the radial gradient is in the opposite sense. A different type of argument for the interior's angular velocity can be made based on the amount of angular momentum in the convection zone. If we assume that the Sun maintains the same amount of angular momentum as a Sun rotating rigidly at the rate of the interior, then the angular momentum in the differentially rotating convection zone should be the same as a hypothetical convection zone rotating rigidly at the rate of the interior. This idea presumes that over time, interactions between the convection zone and interior have compensated the convection zone for any angular momentum loss such as that due to torquing by the solar wind. Any significant difference between the constant angular velocity, Í2 rig , which characterizes the angular momentum of the convection zone and the rigid rate of the interior, Cl¡ suggests one of two scenarios: (1) the exchange of angular momentum at the interface is not balanced and the interior has not yet fully compensated the convection zone for lost angular momentum or (2) the exchange is balanced but the natural state of the convection zone is to contain more or less angular momentum than its hypothetical counterpart rotating rigidly at the torquebalancing rate of the interior. Scenario 2 could be the case if the natural state of the convection zone includes significant radial gradients of angular velocity. A positive radial gradient would result in Í2 rig being larger than the torque-balancing rate of the interior; a negative radial gradient would result in fi rig being smaller than the torque-balancing rate. Since there appears to be little or no radial gradient in the convection zone, scenario 1 is in play and equal values of fi rig and Í2, offer strong evidence for a balanced exchange of angular momentum between the two regions. Indeed, we may show that, in the case of pervasive surface-like rotation in the convection zone, firig is equal to the interior rate derived earlier for balance of torques.
Let r c be the radius at the bottom of the convection zone, r s the solar radius, íí C2 (r, 6) the angular velocity in the convection zone, and p(r) the latitudinally averaged density of the solar convection zone. The total angular momentum in a differentially rotating convection zone J dit may then be expressed:
p(r)ii cz (r, 0)(r sin 6) 2 r 2 sin OdrdO . (6) Jrc JO The total angular momentum of a hypothetical convection zone in rigid rotation (fi rig ) would be
Equating J iif with ./ rig we solve for the rigid rate (Í2 rig ), which
If we presume that the surface rotational profile Í2 srf (0) extends throughout the convection zone as suggested by the data of Brown and Morrow (1987) , then the radial integral of J dif divides out of the expression for Q rig :
Performing the angular integration using equation (1) for the surface rotation, we arrive at an expression for Q rig that is identical to results derived earlier for a balance of torques at the interface (eq.
[5]). The above result implies that the interior compensates the convection zone for angular momentum losses and that when the exchange is balanced, the amount of angular momentum in the convection zone is the same as it would be if the Sun were rotating rigidly at the rate of the interior. Note that the above criterion (eq. [9] ) and its identity with the one derived from the balance-of-torques argument depends on the lack of a radial gradient of angular velocity in the convection zone. However, the criterion derived for balance of torques does not itself depend on this restriction. Indeed, a balanced exchange of angular momentum between the convection zone and the deep interior could occur in the presence of such a radial gradient (see Morrow 1988 for further discussion).
b) Estimates of Balance from Data
It is interesting to see if the balance represented in equation (5) is implied by values of A, B, C, and the rate of the interior Q io , all of which can be estimated by forward analysis (Morrow 1988) of the data of Brown and Morrow (1987) . For these data, well matched values are A = 2.874 /¿rad s" 1 ; B= -0.307 /¿rad s" 1 ; C = -0.505 /¿rad s _1 ; Q io = 2.740 /¿rad s _1 . ^ Using equation (5) with the values of A, B, and C above, we calculate the angular velocity of the deep interior that would reflect the appropriate balance across the interface. By this method we obtain a value of Q,-= 2.769 /¿rad s~1 which is only -1% greater than the data-determined value of Q io = 2.740 /¿rad s 1 . The closeness of these two values support the proposition that an exchange of angular momentum between the convection zone and interior exists and is balanced. The Fourier tachometer data affords us the first opportunity to compare two such estimates of interior rotation.
Extensive records of surface differential rotation have been kept since 1966. If we presume that this surface rotation pervaded the convection zone and that the exchange of angular momentum with the interior was balanced, then we may again use equation (5) to calculate an angular velocity for the deep interior. We use two sets of surface values; (1) the Doppler results of Snodgrass (1984) and (2) 1 to 1984 January 1. Table 1 shows the coefficients of surface rotation (A, B, C in eq.
[5]) obtained from these observations, along with the coefficients obtained using Fourier tachometer data. The column labeled Q f gives the angular velocity of the interior estimated by using the criterion for a balanced exchange of angular momentum (eq.
[5]). The last column (A io ) gives the percentage difference between and the interior rate estimated directly from the Fourier tachometer data (Q io = 2.740 jurad s -1 ) without invoking the criterion for balanced exchange of angular momentum.
We see that the 17 yr Doppler record yields an interior angular velocity of ~0.3% less than the rate obtained directly from the Fourier tachometer data. Therefore, to a precision of better than 1%, this result is consistent with the hypothesis of an interior that has maintained (over the 17 yr) a constant angular velocity at about the value estimated from the Fourier Tachometer data, and that couples to the convection zone in such a way as to maintain a balance of torques. The magnetic surface coefficients, measured over the same period, give an interior rate that is ~1.5% larger than the rate from the Fourier Tachometer data. We cannot be sure whether the small departures from constancy reflect a true deviation from this balance or whether they are simply the result of random and systematic errors or of nonsolar signals remaining in the surface measurements. Also we note, without further conjecture, the possibly significant difference between the interior rate derived from Doppler measurements and that obtained using the magnetic results (A io = 1.8%).
The radial gradient of angular velocity reverses at the latitude 0i where the rate of surface rotation matches that of the interior (Q srf = Q¿). In Table 2 , we display the latitudes of reversal for all the sets of data listed in Table 1 . These latitudes are calculated by solving equation (1) as a quadratic in cos 2 (90 -©f). Those in column (2) of Table 2 are calculated with the interior rate (Qj) determined using the surface coefficients of Table 1 in equation (5). The latitudes in column (3) (©io) were derived using the interior rate well matched to the Fourier Tachometer data (Q io ).
The numbers in column (2) indicate the latitude of reversal stays fairly constant over the time periods covered by the observations. The values in column (3), which were all calculated using the same data-derived rigid rotation rate for the interior, are somewhat more variable. But these calculations are consistent with a radial differential rotation profile at the base of the convection zone that changes sign near the highest latitude where sunspots occur (0¿ « 30°). In order to achieve a time-averaged balance, the angular momentum may be cycling through the convection zone and the transitional layer in a fashion outlined in Figure la . As pointed out in § Ha the reversal in the radial gradient of angular velocity in the transitional layer suggests that angular momentum flows from the convection zone to the deep interior at low latitudes (0 < 0*) and from the interior to the convection zone at high latitudes (0 > 0 f ). To complete the cycle, an active, organized process must transport angular momentum from high to low latitudes in the convection zone (Fig. 1 , large arrow) and from low to high latitudes in the transitional layer (thinner arrows). Because of the latitudinal gradient of angular velocity, equatorward transport is partially opposed by poleward diffusion of momentum caused by smaller scale turbulent eddies (squiggly arrows). The process or combination of processes that transport angular momentum both radially and from low to high latitudes within the transitional region are unaccounted for in current models of global convection which usually assume stress-free layers at the bottom of the convection zone and thus no exchange of angular momentum with the deeper interior. Perhaps small-scale turbulent diffusion, meridional circulation, or magnetic stresses, or all of the above, play important roles in these transporting processes. For reasons that will become apparent when we discuss the implications of the proposed picture of internal rotation for the solar dynamo, we favor magnetic stresses as the dominant player in the transitional layer. Figure Ih illustrates the cycle of angular momentum, seen in the models of Gilman and Miller (1986 ), and Glatzmaier (1984 , 1985a . In these models, processes that transport angular momentum operate strictly within the convection zone with no realistic coupling to the deeper interior (although the modeled convection zone is quite deep). Transport is primarily due to Reynolds stresses (correlations between azimuthal and latitudinal motions and between azimuthal and radial motions) which are induced by the action of Coriolis forces on the convective velocities. We can gain insight into the models' cycle and balance of angular momentum from both the timeaveraged solutions and the initial transient processes that work to establish the latitudinal and radial differential rotation. Below ~ 30° latitude, the convection eventually organizes into rolls with axes oriented north-south-parallel to the axis of rotation. After ~ 3 yr of simulated time, the primary net transport by the global convection is approximately outward, away from the rotation axis (Fig. Ih, large arrows) . The associated latitudinal component is directed toward the equator and leads to the latitudinal differential rotation seen at the surface; the outward radial component leads to angular velocity being constant on cylinders and thus decreasing with depth. Naturally, small-scale turbulent diffusion counteracts these processes by transporting angular momentum back toward the rotation axis, i.e., down the latitudinal and radial gradients of angular velocity (Fig. lb, squiggly arrows) . Brown and Morrow (1987) . (b) Illustration of the cycle of solar angular momentum suggested by models of global convection. In these models the angular velocitv is constant on cylindrical surfaces and thus decreases with depth in the convection zone.
A significant problem for the models of global convection is that the oscillations data do not support the prediction of angular velocity constant on cylinders in the convection zone. Instead the data suggest that the differential rotation at the surface pervades the convection zone. A solution to this problem may lie in accounting for some deficiency in representing effects of compressibility and small-scale turbulence. In nonlinear, anelastic calculations of global convection (e.g., Gilman and Miller 1986) , the equatorward transport of angular momentum is established relatively early (after about one rotation) in the outer layers of the convection zone; the radial transport of angular momentum is initially inward. In addition to building up the latitudinal differential rotation, the increasing angular velocity of the outer layers near the equator eventually causes a significant radial gradient of angular velocity. This radial differential rotation then feeds back on the convection, tilting the outer part of the convective cells forward (in the direction of rotation) relative to the deeper part of the cells. The tilting causes Reynolds stresses which act to change the direction of the transport of radial angular momentum from inward to outward. It is this reversal that leads to angular velocity decreasing with depth in the convection zone and approximating the limit of constancy on cylinders. If some diffusive process or instability were to counteract the buildup of the radial shear induced by the spinup of the outer layers, then it is conceivable that the radial transport of angular momentum could be balanced so that the cylindrical profile of angular velocity would not manifest. The models are fairly sensitive to assumed diffusivities, they are not yet fully compressible, they do not explicitly calculate smaller scale convection, and they do not allow for realistic exchange of angular momentum with the deeper interior. Any or all of these might affect the evolution of the radial profile of angular velocity, and so there may yet be a combination of physical processes that could reproduce little or no radial gradient in the convection zone. This line of thought certainly recommends an effort to modify the models.
At this point, however, it is important to bear in mind that the lack of a radial gradient in the convection zone has not yet been definitively demonstrated by all observers addressing the question of the Sun's internal angular velocity. The balance of momentum exchange across the transitional region is possible whether or not there is a radial gradient present. If such a balance were in effect, however, a positive radial gradient, such as that engendered by angular velocity constant on cylinders in the convection zone, would imply that the convection zone can maintain a state with more angular momentum than a hypothetical zone rotating rigidly at the rate of the interior. So, the most important point of contrast between the cycles depicted in Figures la and Ih is whether or not the convection zone and deep interior are coupled. Both cycles may have similar transport processes, based on Reynolds stresses, operating within the convection zone.
In principle, there is an alternative to the cycle of angular momentum described above and illustrated in Figure la . We describe it here even though we regard it as much less likely to be operating in the Sun. At low latitudes, this cycle would require a " pump " to actively extract angular momentum from a more slowly rotating interior. The extracted angular momentum would then be distributed at all depths in the convection zone at equatorial latitudes. This pump would be balanced by another active pump at high latitudes that returns angular momentum from the slowly rotating convection zone to the more rapidly rotating interior below. The transfer of momen-ANGULAR TRANSPORT MOMENTUM 533 No. 1, 1989 turn in the convection zone from low to high latitudes would presumably be effected by turbulent diffusion which would have to overpower any possible tendency for global convection to transport momentum toward the equator; the two pumps would have to run fast enough to produce and maintain the observed latitudinal gradient of angular velocity in the convection zone. No theories of such pumps have been developed, and we have none to offer. Theoretical models of convection in rotating, spherical shells, applied to the solar problem have not been designed to address this question. These models do predict pumping action due to Reynolds stresses that transfers angular momentum from high to low latitudes within the convection zone. In the cycle of angular momentum portrayed in Figure la the exchange of momentum between the convection zone and interior is caused by some form of drag-an essentially passive process that can be almost arbitrarily weak compared to the pumping action needed to cycle the momentum in the opposite direction.
III. THE SOLAR DYNAMO PROBLEM
A principal motivation for determining the rotation of the solar interior as a function of latitude and depth is a desire to constrain theories of the solar dynamo that produces the solar cycle. It is well known (see, e.g., Gilman 1986 for a review) that the sign and magnitude of the radial gradient of angular velocity is of particular importance in determining certain properties of the dynamo. Specifically, they determine the direction and speed of propagation in latitude of dynamo waves. These are necessary ingredients for explaining the " butterfly diagram," which illustrates the migration of the zone where sunspots occur toward the equator with time. The magnitude of the angular velocity gradient also helps determine the strength of the dynamo; that is, the amplitude of fields that are produced. Of course, the steepness of the radial gradient of angular velocity depends on the thickness of the transition layer over which the angular velocity changes from having the latitudinal gradient at the botton of the convection zone, to having an apparently constant value below the convection zone. This thickness is not well known, although Morrow (1988) and Brown et al. (1988) suggest from further study of the oscillations data that it is up to ~20% of the solar radius. Recent dynamo theories for the Sun have also focused on a layer at the base of the convection zone. Therefore, it is important to consider the effect the inferred radial angular velocity gradients have on such dynamo models. The thickness of the layer containing the dynamo has been estimated to be l%-2% of the solar radius and thus is only a fraction of the layer over which the angular velocity changes. a) Qualitative Arguments It is well known that there are serious difficulties with solar dynamo theory (see, e.g., Gilman 1986 for a review). Kinematic dynamo models applied to the bulk of the solar convection zone require the angular velocity to increase inward by a substantial amount in order to reproduce the butterfly diagram. Models of giant cell convection that produce the differential rotation predict instead that the angular velocity is constant on cylinders aligned with the rotation axis and therefore decreases with depth. Magnetohydrodynamic dynamo calculations made using these models (Gilman 1983; Glatzmaier 1984 Glatzmaier , 1985a confirm that the induced toroidal fields migrate toward the pole with time-the opposite of the observations. These results, as well as other considerations, have led modelers to consider placing their dynamos away from the bulk of the solar convection zone in a thin layer at its base. The first quantitative dynamo models intended to apply to such a layer are just now being developed (DeLuca 1987; DeLuca and Gilman, 1986 ,1988 .
The observational data of Brown and Morrow suggest that the angular velocity is not changing significantly with depth in the bulk of the convection zone, thus providing a strengthened argument against the convection zone as the seat of the solar dynamo. But these same observations tell us there must be a transitional layer between the convection zone and the deep interior where radial gradients do exist. In the layer, the angular velocity must decrease with depth at low latitudes and increase with depth at high latitudes, suggesting that the induced toroidal fields should migrate toward the poles at low latitudes and toward the equator at high latitudes. This is certainly not observed. The possible flaw in this reasoning is in assuming that the helicity or a-effect in the convection has the same sign at the bottom of the convection zone as in the bulk of the zone above. The direction of propagation of a dynamo wave in latitude is determined by the product of the signs of the radial gradient of angular velocity and of the helicity (Yoshimura 1975) .
The parameter a is determined by complex interactions of turbulent convective flows and rotation. Its magnitude is not well determined for the base of the solar convection zone, but there are simple arguments for its sign. Convective plumes rising in the upper portion of the convection zone tend to diverge while sinking plumes tend to converge. In the northern hemisphere, the Coriolis force will cause the rising plume to rotate in a clockwise sense when viewed from above. The helicity in such a plume will be negative, so a will be positive. Sinking converging plumes will rotate in a counterclockwise sense when viewed from above; their helicity is also negative. The sign of a is predicted by the models of global convection Miller 1981, 1986; Gilman 1983; Glatzmaier 1984 Glatzmaier , 1985a . For the northern hemisphere, the models predict that a is positive in the upper portion of the convection zone and negative near the base of the convection zone. The change in sign is not surprising in light of the simple arguments given above. At the base, descending plumes must diverge and ascending plumes converge in order to close the flow in the convective cell. Coriolis influence causes such plumes to have positive helicity, i.e., negative a. Thus, it is plausible to assume that fluid motions with this changed sign of helicity penetrate into the transitional layer; indeed, this is seen in the convective model of Glatzmaier (1985a, b) . Because the convection would be penetrating into a stellar layer of relatively high density, we would also expect the helicity there to be weak compared to values within the convection zone above. The magnitude of this helicity is unknown from observations, and rather uncertain from theory, but we show that we may not need to know its value very well to build a plausible dynamo in the transitional layer.
A positive helicity or negative a-effect at the base of the convection zone at all latitudes in the northern hemisphere, combined with a radial gradient of angular velocity that changes sign in midlatitudes, would lead to migration of toroidal and poloidal fields toward the equator at low latitudes and toward the poles at high latitudes. Indeed, there is much observational evidence for such a split pattern of migration. The zones where sunspots occur migrate toward the equator (the butterfly diagram), while some of the larger scale magnetic flux 534 GILMAN, MORROW, AND DeLUCA Vol. 338 is observed to migrate toward the poles (Howard and LaBonte 1981) . It is particularly intriguing that the radial gradient changes sign at ~30°-near the highest latitude where sunspots occur. But then we are forced to ask why only the equatorward branch generates sunspots. Perhaps this may be explained by a change in the nature of convection with latitude such that the flux rising through the convection zone is organized differently at high and low latitudes. Indeed, models of global convection do display such a change: below ~30° latitude the convection is organised into rolls oriented along the rotational axis and above 30° the convection is more cellular. Two of us (E. E. D. and P. A. G.) are proceeding to develop a detailed dynamo model for the spherical shell of the transitional region in which we assume the differential rotation suggested by the analysis of oscillations data (Brown et al 1988; Morrow 1988) . For the moment, we use a very simple, purely kinematic approach to calculate the expected dynamo periods and ratios of toroidal to poloidal fields. In so doing, we have found it particularly important to include the effect of helicity in inducing toroidal as well as poloidal fields, i.e., we are studying a a 2 -co dynamo, rather than an a -co dynamo.
b) Simple Model Calculations The kinematic dynamo model we use here is similar to one of those described in Parker (1979, § 19.2) . We use Cartesian geometry, with x corresponding to solar longitude, y to latitude (northern hemisphere), and z to the outward radial. The corresponding magnetic field components are given by a, b, c. The departures from axisymmetry are included in the two constant parameters a and A, so all quantities are independent of x; a parameterizes the small scale twisting of field lines by cyclonic, turbulent eddies; X is the magnetic diffusivity which may be enhanced by turbulent Reynolds stresses. The imposed differential rotation is a linear velocity u that is a function of z only. Thus, the equations for the kinematic dynamo are
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If we now assume periodic disturbances of the form e pt e 2ni(k y y+k z z) an( j su 5 s tit ute j n t 0 equations (10)- (13), we can derive the imaginary part of p, which gives the frequency of the resulting dynamo wave :
(15) where K = (k 2 + k 2 ) 1/2 and k z Au = (du/dz), so that Au is the total change in velocity across one vertical wavelength of the dynamo. Equation (15) reveals that if a is sufficiently large, the period of the wave becomes independent of a and is linearly proportional to the variation of velocity Au. But, for the Sun, a need not be very large for this to be true, so that in general, ignoring the role of the a-effect in the induction of toroidal fields (represented by the first term on the right-hand side of eq.
[11]) is not a good approximation. For small values of a, and large shears, we recover the usual ol -co dispersion relation in which the frequency is proportional to (aAu) 1/2 . In Figure 2 we show lines of constant angular frequency (in rad s" 1 ) for dynamo waves in the a -Am plane: Figure 2a illustrates the results of the a 2 -co dynamo calculations and Figure 2b shows results for the case of an a -co dynamo. The difference in slope of the frequency contours is due entirely to the inclusion of the a-effect in the induction of toroidal field. To produce these figures, we chose wavenumbers to be consistent with a thin dynamo layer at the interface of the convection zone and interior : A = 2 x 10" 9 cm -1 ; k y = % x lO -10 cm" 1 .
The chosen k z corresponds to a radial thickness of 10 4 km; the lowest order dynamo solution thus has a vertical wavelength of 2 x 10 4 km. We determined k y by choosing a half-wavelength in latitude to be the latitudinal extent of the sunspot zone. DeLuca and Gilman (1986) review the arguments for the thickness of this layer, which relates principally to the strength of convective overshooting, to storage of magnetic flux and to magnetic buoyancy considerations. The thickness estimated in this way may be much less than the thickness of the layer over which the radical angular velocity gradient occurs. Figure 2a reveals that for all a larger than ~3 cm s" 1 , the frequency of the a 2 -co dynamo wave is independent of a. By contrast, Figure 2b shows that the frequency of the a -co dynamo waves is proportional to the same power of Am as a. Thus for the same ranges of a and Am, waves of the a 2 -co dynamo have longer periods than those of the a -co dynamo. We also see that unless a is substantially less than 10 cm s" 1 , the a 2 -co dynamo requires a change in velocity of ~ 10 m s " 1 across the transitional layer in order to obtain the right period for the solar cycle (co sc = 10" 8 rad s" 1 ). Using a surface profile consistent with the observations of the Fourier Tachometer, the difference in linear velocity between the convection zone and deep interior at the equator is ~60 m s" 1 . This difference falls to zero around a latitude of 0* = 30° and increases again at latitudes above 0;. So, there is plenty of differential rotation present to drive the dynamo at the rate needed and perhaps enough to run it much faster than is observed. However, only a fraction of the total change in angular velocity between the convection zone and radiative interior may be relevant since the layer in which there is enough overshooting to provide the helicity for dynamo action is thin compared to the layer over which the angular velocity changes. In addition, calculations of nonlinear dynamos (DeLuca 1987; DeLuca and Gilman 1989) demonstrate that the feedback of induced magnetic fields can reduce the net differential rotation thus lengthening the dynamo period. Furthermore, if a is assumed constant with latitude then magnetic induction would vary according to the strength of the differential rotation. Since this strength varies with latitude one might expect the strength of the induced magnetic field to vary correspondingly. But again the role of nonlinear effects in changing the differential rotation in the thin dynamo layer, and the way a might vary with latitude must be considered. Evidently, more detailed calculations are required to fully assess the plausibility of the model that we have presented here.
The parameter a is quite uncertain. From his computations, G. A. Glatzmaier (private communication) low as 3 cm for the overshoot layer. Arguments employing mixing length theory, however, lead to much higher values. Fortunately, the flatness of the frequency contours for the a 2 -oj dynamo (Fig. 2a) indicate that our analysis is fairly insensitive to the choice of a.
The observations of solar magnetic fields suggest that the magnitude of the toroidal field (| a |) maintained by the solar dynamo should be much larger than the magnitude of the poloidal field (| b |). In the limit of long dynamo periods and low growth rates we can show :
If a is less than 2 x 10 2 cm s _1 and we take the magnetic diffusivity, A ~ 10 11 cm 2 s" 1 -which is substantially lower than likely in the convection zone-then the ratio of poloidal to toroidal magnetic field strength given above is less than 10 _1 . Therefore, dynamos with low poloidal compared to toroidal fields are quite possible for this model.
A variety of arguments have been advanced to justify toroidal magnetic fields as large as 10 4 G in the transitional layer, with weaker but nonzero poloidal fields (see review by DeLuca and Gilman 1986). The dynamo of DeLuca and Gilman assumes a field this large. Strong magnetic stresses, associated with such fields, could efficiently transmit angular momentum in latitude as well as contribute to the drag causing momentum exchange between the convection zone and deep interior. The magnetic field would also tend to suppress latitudinal transport by turbulence and by meridional circulation thus making magnetic stresses the favored candidate to complete the angular momentum cycle pictured in Figure la. c) Dynamo Discussion Suppose that we are correct that the dynamo is seated in the transitional layer between the convection zone and the deep interior and is driven by the radial gradient of angular velocity together with fluid motions of reversed helicity penetrating from above. We must address the issue of why only the equatorward branch of the dynamo wave produces sunspots. Among the questions that bear on this issue are :
1. What trajectory does the induced magnetic flux follow on its way through the convection zone? If magnetic buoyancy causes flux to rise, then Choudhuri and Gilman (1987) have shown that, due to the influence of rotation, tubes would tend to travel parallel to the axis of rotation rather than radially. This means that they would reach the photosphere at much too high a latitude. Choudhuri and Gilman's calculations were done for axisymmetric flux rings, but more elaborate calculations for the nonaxisymmetric case show very similar results. Some other process, perhaps the convection itself, must intervene to bring flux out along a more nearly radial trajectory. It is tempting to suggest that flux associated with spots observed early in the cycle at unusually high latitudes were generated somewhere equatorward of 30° and emerged at higher latitudes due to the influence of Coriolis forces on its rise through the convection zone.
2. What is the effect of the helicity and differential rotation in the convection zone on the rising flux? If the flux is not diffuse, but rather concentrated into a few large tubes that then fray near the surface into active regions, then the effect of helicity and differential rotation may be minimized. But this problem has not been addressed.
3. What are the mechanisms for injecting flux into the convection zone? One popular mechanism is the buoyant rise of 536 flux through the stably stratified overshoot region into the convection zone (see for example Parker 1955 Parker , 1975 MorenoInsertis 1986) . To address this problem in a self-consistent manner would require at least a compressible, penetrative magnetoconvection calculation that is able to resolve a large range of spatial and temporal scales: from global convective motions to complex breaking in the overshoot region; and from convective turnover times to Alfvén, sound, and gravity wave transit times-a formidable calculation! This area of research has been reviewed by Hughes and Proctor (1988) .
4. How does some flux apparently stay anchored at the interface? Is the "thermal shadow" mechanism proposed by Parker (1987a, b) keeping most flux at the bottom of the convection zone?
To answer questions such as these requires extensive magnetohydrodynamical calculations.
IV. CONCLUSIONS With a simple model for coupling between a convection zone rotating like the surface and a rigidly rotating radiative zone, we have demonstrated that a balance of torques is likely maintained at the interface between the two zones. If we assume the profiles of surface rotation observed at Mount Wilson and the profile estimated from the oscillations data of Brown and Morrow, the angular velocity of the interior needed to balance torques is within 1% of the interior rate estimated directly from the oscillations data. This torque balance has led us to consider an angular momentum cycle in the Sun, in which some of the angular momentum transported from high to low latitudes in the convection zone is injected into the interior, then transmitted back to high latitudes, and reinjected into the convection zone there. This cycle has not been predicted or even considered in models of global convection and differential rotation. Such a cycle links many different processes that may transport angular momentum in the solar interior, e.g., Reynolds stresses, magnetic stresses, viscous stresses due to small-scale turbulence. The details of how the various processes contribute to the overall balance of angular momentum have yet to be established. The presence of radial transport of angular momentum in the transitional layer appears to add to the complexity of the more general issue of mixing between the convection zone and interior. Such mixing processes are important for determining the thickness of the layer over which the latitudinal differential rotation of the convection zone changes to the more nearly uniform rotation of the deeper interior.
We have also argued that the balance of torques at the Vol. 338 interface between the convection zone and deep interior, together with the apparent lack of a radial angular velocity gradient within the convection zone, have profound implications for the driving of the solar dynamo. In particular we have shown that a plausible migration of field pattern with timetoward the equator in low latitudes, and toward the poles in high latitudes-could easily result from the reversal of the radial gradient of angular velocity expected at the interface, combined with the sign of helicity of convective motions predicted for the bottom of the convection zone by global convection theory. The magnitude of the velocity changes are adequate to allow propagation of dynamo waves with reasonable periods. Thus, even if the seat of the solar dynamo is at the convection zone-interior interface, rather than in the bulk of the convection zone, the processes determining the differential rotation within the convection zone still have a strong influence on the form of the solar dynamo. Detailed quantitative models for a spherical shell dynamo at the interface are currently being developed. A balance of torques between the convection zone and deep interior leads to a closer link between the solar dynamo and angular momentum balance in the Sun, including the effect of wind torques, than has been previously considered. We believe that the linkage is intricate and subtle. The strength of the solar wind torques is determined in part by the strength of the Sun's magnetic field. At the convection zone-interior interface, the magnetic fields cannot be so large as to produce isorotation, which would radically change the character of the dynamo. On the other hand, the turbulence cannot so dominate the magnetic field that the field loses its coherence in time and space, as evidenced by the very existence of the solar cycle that includes such relatively regular features as the butterfly diagram and Hales polarity law.
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